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A New Single-phase Two-Wire Hybrid 
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Theorem for Photovoltaic Application 
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APF consists of analog circuits. As a result, the conventional 
APF is subjected to fine adjustment and signal drift inherent in 
analog circuit [2], 133. A digital controller using a digital signal 
processor (DSP) or a ~croprocessor is preferable to an analog 
controller in terms of flexible implementation of the APF [4], 
ne drawbacks Of digita1 implementation are that the high 
order harmonics are not filtered effectively and the switching 
Abstract-This paper presents a new single-phase two-wire 
hybrid active power filter configuration that interconnects a 
passive high-pass filter in parallet with an active power filter and 
a photovoltaic system. The proposed configuration can improves 
the filtering performance of the conventional active power filter, 
as well as simultaneously supply the power from the photovoltaic 
arrays to the load and utility. Furthermore, the derivation of 
compensation current reference is simplified with the utilization 
of extension p-q theorem. This paper will describe the proposed 
hybrid active power filter with photovoltaic system. It will 
primarily focus on the power circuit, control system and the 
compensation current reference derivation. The proposed system 
effectively filters harmonics under 1 kJlz but also higher, 
frequency to achieve wideband harmonics compensation. The 
THD of source current is reduced from 76.83 % to 3.21 %. The 
simulation results that verify the theoretical predictions of the 
proposed configuration will be presented. 
Index Terms-Extension p-q theorem, hybrid active power 
filter, photovoltaic, power electronics, widebaod harmonic 
compensation. 
' I. INTRODUCTION 
HE pass several decades have seen a rapid increase of T power electronics-based loads connected to the utility 
system However, the proliferation of these non-linear ' loads 
has raised concern with regard to the resulting harmonic 
distortion levels of the supply current on the power system 
Passive filter is the traditional method of harmonic filtering. It 
is well known that the application of passive filters creates new 
system resonances that are dependent on the specific system 
conditions [l]. Although this soIution is simple, it has brings 
rise to several shortcomings. Furthermore, since the harmonics 
that to be eliminated is of low order, large filter components 
are required. 
Active power filters (APFs) were developed to mitigate 
problem of passive filters. The advantages of MFs are widely 
recognized and are discussed extensively in [2]-[SI. However, 
the major part of the controller developed in the conventional 
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ripples remain in the source current. This is due to the time 
and phase delay in the digital controller and measurement of 
signals sampling. Hybrid APFs were developed, where a 
passive filter is connected parallel to a conventional APF [6] ,  
[7]. The hybrid APF configuration is effective in improving 
the damping performance of high-order harmonics. 
Recently, there is an increasing concem about the 
environment pollution. The need to generate pollution-free 
energy has trigger intensive considerable effort toward 
altemative source of energy. Solar energy, in particular, is a 
promising option. Some researcher had spent their effort in 
developing the combined system of an APF and a photovoltaic 
(PV) system [SI, [9]. However, the existing hybrid APF 
configurations are not yet utilized for the PV application. 
The p-q theorem was adopted for current reference 
derivation in the hybrid APF system [lo]. Definition and study 
of the extension p-q theorem has been proposed [ I l l ,  [12].  
This fresh definition is simpler and clearer for the current 
c o m n d s  derivation compared with the p-q theorem 
presented in [13]. However, the extension p-q theorem is not 
yet being applied in the hybrid APF system. 
In this paper, we proposed a new single-phase two-wire 
hybrid APF configuration that interconnects a hybrid APF with 
a photovoltaic system The extension p-q theorem is utilized to 
create the compensation current reference derivation. 
Furthermore, the derivation of compensation current reference 
is simplified with the utilization of extension p-q theorem The 
proposed configuration can improves the filtering performance 
of the conventional APF, as well as simultaneously supply the 
power from the PV arrays to the load and utility. 
This paper will describe the proposed hybrid APF with PV 
system It will primarily focus on the power circuit, control 
system and compensation current reference derivation. Finally, 
the simulation results that ver@ the theoretical predictions of 
the proposed configuration will be presented. 
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11. PROPOSED SYSTEM C0NT;lGURATION AND PKlNClPLE OF 
0 PERATION 
Fig. 1 presents the power circuit of the proposed hybrid 
APF with PV system in parallel with a nonlinear load that i s  
supplied by source voltage from the point of common coupling 
(I'CC). l'lic proposcd hybrid APV consists of a passiye high- 
pass filter (FIPF), a, shunt APP constructed by a singlt-phase. 
full-bridge voltage source inverter (VSI) connected to a DC- 
bus capacitor; and PV arrays in parallel with the DC-bus 
capacitor. In the proposed scheme, the tow-order harmonics 
are compensated using the shunt APF, while the' high-order 
liarmonics are filtered with the passive WPF. This 
configuration is effective to improve the filtering performance 
of the high-order harmonics. 
The VSI is operating in the'current-controlled mode (CCM) 
with the utilization of fixed-band hysteresis current controller. 
Furthermore, the proposed hybrid APF with PV system is 
comiected with the utility line at the PCC through a series 
inductor allowing the reactive power control. Subscripts U, s, 
PCC, L,J and hp refer to utility, source, PCC, load, APF, and 
IIPF variables respectively. 
Fig. I .  Configuration of the proposed hybrid APF with PV system. 
Fig. 2 shows the block diagram of the proposed control 
system for the hybrid APF. The source current is desired to be 
sinusoidal to yield a maximum power factor. In this work, the 
extension p-q theorem is introduced to derive the 
compensation current reference. 




In order to generate the compensation current that follows 
the current reference, the fixed-band hysteresis current control 
method is adopted. The proposed scheme is controlled to 
inject the reactive and harmonic current of the nonlitiear load 
and the reactive current of the HPF. Furthermore, a current 
n!$sl bc dtawn form Llic ulility SOUI'CC to niaiiitaiii thc volk~gc 
aci& the DC-bus capacitor to a preset value that is higher 
than the amplitude of the source vohage. A propurtional- 
integral (PI) controller i s  implenlented for the DC-bus 
capacitor voltage control. Under the normal operation, the PV 
system will provide active power to the load and the utility. 
Under poor PV power generation cotidition, the utility sourcu 
supplies the active power to the load directly. 
A. Derivation of Compensarion Currerii Refererice 
Compensation current reference derivatiorl for the single- 
phase two-wire APF based on extension p-q theorem has been 
presented in [SI. In this work, the application or  the theorem is 
further extended for current reference derivation in a single- 
phase two-wire hybrid APF with PV system. For the proposed 
scheme, the extension p-q theorem is adopted for the 
derivation of harmonics, active and reactive components of 
nonlinear load current and the reactive component of passive 
HPF current. 
For a single-phase two-wire system with nonlinear load, the 
load current can be represented as 
H-1 
Under normal circumstances, the voltage at PCC can be 
assumed to be a sinusoidal, i.e., 
n=2 
= F L  +p"L (4) 
The instantaneous reactive power of nonlinear load can be 
written as follows: 
4'(4 = 4cc (4. iL (4 
= V,,,I~,~ sin(+-el)- '~Kc~Lql  sin(2ot +$+o,) 
m - C W ~ ~ I , , ~  sin(nw/ +en)sin(ot++) 
n=2 
= T L  f 7' ( 5 )  
The instantaneous reactive power of HPF can be calculated as 
qhp ( f )  = .KC ( I ) '  ihp 6 )  
Fig. 2. Overall system configuration and control block diagram. 
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= vp,-cI&p,] sh[$-90')-vpccihp,,  s in(2wt+4+9Oo)  
= 7 h p  + ?hp (6 )  
where pL, qL and F A p  represent the constant part, F L ,  & 
and Fhp denote the variant component, and dxc(t) denotes 
the PCC voltage shifted by 90" . 
By' obtaining the constant part in (4), (5 )  and (6), the 
harmonics ( iL,p ), active ( iL,q ) and reactive ( il,h ) components 
of nonlinear load current and the reactive ( ihp,q ) component of 
the passive HPF current can be readily calculated as follows: 
(7) 
(9) 
where u(t) is a unitvector in phase with the PCC voltage. 
expressed as 
Finally, the compensation current reference can be 
where PPv is the active power of PV mays, IC. is the DC- 
bus capacitor charglng current, and Vc,,,eJ is DC-bus 
capacitor voltage reference 
B. Fired-Band Hysteresis Current Con poller 
In order to generate the compensation current that follows 
the compensation current reference, the fixed-band hysteresis 
current control method is adopted. Fig. 3 is the simplified 
equivalent circuit of the main power circuit, where S, and S,  
are two switches, and V, is the source voltage. For a case of 
sinusoidal reference current i; as shown in Fig. 4, the actual 
compensation current f f ,  is compared with the fxed 
hysteresis band around the reference current, S, and S, 
should be controlled by the following rules, 
When the compensation current sample i f  tries to go 
beyond the upper hysteresis band, SI is turned off 
and S, is turned on. Assuming Vcf > Y K C ,  then ir 
decreases linearly. 
When the compensation cprrent sample if tries to go 
beyond the upper hysteresis band, 5, is turned on 
and S, is turned off, then if increases linearly. 
BY this way, i f  is driven to follow the current reference i; 
within a fKed hysteresis band. The switching frequency 
(1) 
(2) 
depends on how fast the current changes from the upper limit 
to the lower limit and vice versa. Therefore, the switching 
frequency does not remain constant but varies with respect to 
the current waveform 
I I  
I 1 A I I - 
Fig. 3. Simplified equivalent circuit of main power circuit. 
i 
Gate Drive Signal 
S,:off S;on 
S;on s;off 
Fig. 4. Principle of the fixed-band hysteresis current control. 
C. Design of Passive High-Puss Filter 
The passive HPF consists of a capacitor CAP,  an inductor 
Lhp and a resistor RI, . Fig. 5 presents an equivalent circuit of 
HPF for harmonics, where ZAP is the equivalent impedance of 
HPF and Z, is the equivalent source impedance. In Fig. 5, the 
nonlinear load is considered as a harmonics current source. 
Since we are only interested in the system performance with 
the harmonic components, we can neglect the source voltage. 
This is because the source voltage is assumed to contain o d y  
the fundamental frequency current component. 
- 
Fig. 5. Equivalent circuit of HPF for harmonics, 
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A transfer function approach to passive HPF design has 
been presented in  [ 141. The filter impedance transfer function 
f f h ,  (s) can be expressed as 
where A is gain coefficient, U, is series resonant frequency, 
w p  is'pole frequency, and Q is HPF quality factor. 
For the simulation purpose, the leakage impedance of the 
transfomw is regarded as the source impedance, L, = 
0.573mH (2.5 percent, 2 kVA base). The passive HPF is tuned 
= I  1 to the resonant frequency of 1 kFIz (f, = 
2 n & q  
kHz). This resonant frequency vnlue is chosen as the filtering 
performance of the APF is impaired above this frequency. The 
design parameters of the HPF are 
Lh,=J.15mH 
c,,=22 p1: 
R,, = 5 n 
The quality factors of 0.5 S Q ~ 2 . 0  are typical. Higher Q 
factors allow more series resonant attenuation and less high- 
pass. By contrast, lower Q factors provide less series resonant 
attenuation and greater high-pass response. Hence, the proper 
selection of Q is essentially required to satisfy the series 
resonant and high-pass response performances. In this work, 
the Q factor was selected as 0.69, considering the required 
high-pass response over a wide frequency band. 
to 
the nonlinear load current iL,h can be expressed as 
The transfer function Jf, (s) from the source current 
Depending on the value selected for the resistor R,, , many 
different transfer function characteristics are possible. The 
resistor Rhp is chosen based on the desired high-pass response 
and the series resonant attenuation. A bode magnitude plot of 
H,(s) is shown in Fig. 6 where it has one crest due to the 
parallel resonance between L, +Lhp and Chp at 817.5 Hz 
( f ,  = 817.5 Hz). In particular, the parallel resonance is a 
problem, as it enlarge harmonics around 817.5 Hz. This crest 
can be minimized by selecting the value of Q factor close to 
0.7. In Fig. 6, the filtering performance of high-order 
harmonics above 1 lcHz is improved with HPF. 
Fig. 6. Bode magnitude diagram of the transfer function H ,  ( 5 )  from the 
source current to the nonlinear load cumenl. 
111. SIMULATION RESULTS 
The proposed hybrid APF was simulated using MATLAB 
Sitnulink program The system parameters are shown in Table 
I. In the simulation, a diode rectifier with a DC-link capacitor 
C, and a smoothing inductor was used as a harmonic 
,.producing nonlinear load. The simulated source voltage and 
current waveforms without compensation for load resistance 
R, of 125 fl are shown in Fig. 7. 
TABLE I 
MATLAE SIMULINK SIMULATION PARAMETERS 
Utility Voltage 
Source Inductance 
Rectifier Smoothing Inductor 
V. = 240 V, (SO liz) 
La = 0.573 ml I 
L,,,,w,h = 5 ml I 
Rectifier DC-link Capacitor c d *  loo0 PF 
Racliflm Land Nomlnrl Power 
Maximum Switching Frequency 
Hysteresis Currenl Control Band 
PM- I kVA 
&w,m,tr = 20 k I IZ 
H E  0.4 A p t  L-t 
Sampling Time TS=50ps  
APF Inductor 
DC-bus Capacitor Voltage Rcferencc 
HPF Inductor 
HPF Kesistar R h , = 5 Q  
L/= 12.5 m1-l 
Yqrcp= 200 Vk 
L c =  1.15  mli  
APF DC-bus Capacitor 
HPF Capacitor 
c,= iaao pi: 
c, = 22 pF 
Fig. 8 presents simulation results with shunt APF. As can be 
seen, the source voltage and current consists a large amount of 
high-order harmonics. The simulation results with proposed 
scheme are shown in Fig. 9. Now, the high-order harmonics 
are filtered from the source voltage and current. Table I1 
presents the harmonics content of the source current without 
compensation, with shunt APF and with the proposed scheme 
respectively. It can be observed that the totaf harmonic 
distortion (THDZO *) of source current is reduced from 76.83 
% to 4.39 % with shunt APF. With proposed scheme, TI.IDZa 
mE of source current is M e r  reduced from 76.83 % to 3,21 
%. The proposed system effectively filters harmonics under 1 
kHz but also higher frequency to achieve wideband harmonics 
compensation. 
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the PV arrays power is successfully provided to the load and 
utility. 
. . . . . .  , .  
3.'. O L  .2, 0.L 0 : s  01, .A 0.z .$ A 8  
r- (9) 
(b) 
Fig. 7. Simulated results without harmonic compensation, (a) source voltage 
and (b) source current wavefom. 
Fig. 8. Simulated results with shunt APF. (a) source voltage and ('0) source 
current waveforms. 
Fig. 9. Simulated resulls with proposed scheme. (a) source voltage and @) 
source current wavefom. 
Fig. 10 shows the proposed system performance when the 
load resistance changes stepwise from 250 R to 125 R at 
time f = 0.6 s. The simulation results show that the proposed 
system is able to keep the source current sinusoidal under this 
transient condition. 
During normal operation, as 300 W of PV arrays power is 
processed by the hybrid APF at time f = 0.6 s, the 
corresponding simulated source voltage and current 
waveforms are presented in Fig. 11. The simulation results 
show that the source current remains sinusoidal wavefom and, 
@) 
Fig. 10. Simulated results \4.ith the proposed scheme in a case of step load 
change. (a) source voltage and @)source current. 
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: 37 , 0.47 0.02 0.15 
T l I b  LlIz 76.83 3.58 3.19 
THDzo ktlr 4.39 3.21 
@) . , 
Rg. I I Simulated results for the proposed scheme with 300 W active power 
generation from PV arrays. (a) source voltage and (b) source current. 
IV. CONCLUSION 
A new single-phase two-wire hybrid APF configuration that 
interconnects the hybrid APF with the PV system is presented. 
The proposed scheme combines the APF with the passive filter 
to improve the filtering performance of high-order harmonics. 
Furthermore, the proposed scheme can deal with PV power. 
The derivation of compensation current reference i s  simpler 
and clearer with the utilization of extension p-q theorem, The 
simulation results show the effectiveness of the proposed 
scheme for wideband harmonics compensation and PV power 
handling capability. 
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